The aim of this study was to characterize different calcium phosphate coatings and evaluate in vitro cell response of these materials to ceramics implants. The physical and chemical properties of calcium phosphate coatings formed by RF-magnetron sputtering of calcium phosphate tribasic, hydroxyapatite, calcium phosphate monobasic, calcium phosphate dibasic dihydrate and calcium pyrophosphate powders were characterized. Cell adhesion and cell viability were examined on calcium phosphate coatings using mesenchymal stem cells. The results of cytotoxicity measurements of the calcium phosphate coatings revealed that only the coating obtained by RF-magnetron sputtering of the calcium phosphate dibasic dihydrate and calcium phosphate tribasic powders possessed lower cell viability than the zirconia substrate. The coating formed by sputtering of the calcium phosphate tribasic powder demonstrated more cells adhered onto its surface compared with other calcium phosphate coatings.
Introduction
In recent years, there has been an active interest in improved surgical techniques. There is a shift from using amputation to treatment of patients with endoprosthetics. In the modern world, the number of operated patients with implanted artificial devices into bone or joint tissues increases [1, 2] . It allows people to lead a full-fledged life without feeling restricted in movement.
Ceramics in medicine is used to make prosthesis or their individual elements; in medical equipment; for the manufacture of medical instruments, membranes for separation and purification of biological fluids; porous elements for dosed administration of drugs [3] . Ceramics practically does not conduct electric current. It is a material that is electrolytically passive and biologically inert. Ceramics has a high ability of integration with bone tissue, which is advantage over the metal implants [4, 5] .
Along with the advantages mentioned above, ceramics also has significant disadvantages [3] . Thus, the passivity of ceramics with respect to the living body leads to the fact that a bone may not grow into the implant, and the contact site will be filled with a fibrous tissue that covers the foreign body. High strength of ceramics results in its increased rigidity. The latter leads to load redistribution on the bone in the area of contact of the implant with the bone, as a result of which its destruction occurs. Besides, a ceramic implant itself, under certain conditions, because of the brittleness of ceramics, can be a probable fracture region. Despite these disadvantages, there are areas of traumatology and orthopedic, where ceramic implants have no alternative. First of all, this refers to small joints and teeth prosthesis. Ceramic steel made from alumina (Al 2 O 3 ) or from zirconia (ZrO 2 ) is the most widely used material.
As yttria decreases the driving force of the t-m transformation, biomedical grade zirconia is usually stabilized with 3 mol% yttria (Y 2 O 3 ) (hence 3Y-TZP). Zirconia ceramics stabilized with yttrium oxide has several advantages over other ceramics due to its excellent mechanical and tribological properties together with biocompatibility. Therefore, it finds a wide application as a material for ball heads during total hip joint replacement. Moreover, aesthetically, zirconia ceramics is a more desirable material for dental implants, as compared to gray titanium implants [6 9] .
The implant-bone system functioning becomes possible only if the bone tissue is fully integrated with the implant. To improve the integration of the bone tissue with the implant, various bioactive coatings are deposited on the surface of the implant [10, 11] . For example, oxidizing treatment [12, 13] , electrolytic deposition of the layers of calcium-phosphate coatings [14] , plasma spraying [15] , vacuum ion-plasma deposition [16, 17] are effective methods for producing bioinert and bioactive coatings on the surface of metal implants. There are few articles devoted to the modification of ceramic implants. Besides, it is very difficult to choose an optimal coating for a ceramic implant, and also to make an assessment of its clinical effectiveness because of the authors describe the coatings formed by various technologies. The coatings obtained with the help of various technologies differ substantially in physical, chemical, and, consequently, medical and biological properties. We are unware the publications with comparative analysis of coatings of different compositions deposited by the same method on the surface of ceramic substrates. Therefore, the perspectives of the modification of ceramic implants have not been well studied.
Calcium phosphate materials such as hydroxyapatite, t dicalcium phosphate dihydrate (DCPD), octacalcium phosphate (OCP), etc. possess a great potential as materials for bioactive coatings [11, 18, 19] . This paper is aimed to provide a comparative study of the coatings deposited by RFmagnetron sputtering of different calcium phosphate powders on zirconia substrates.
Unlike other methods, RF-magnetron sputtering allows deposition of bioactive coatings not only on the surface of metal implants, but also ceramic and polymer substrates [20 22] . Such coatings are characterized by high adhesion to various types of substrates, high elasticity, spatial uniformity, as well as the possibility of obtaining coatings on complex shape implants. Generally, the coatings formed by the plasma-chemical technique are amorphous and can be irreversibly transformed into the crystalline state [23] . This ability can be used to control the biomedical properties of such coatings.
Materials and methods

Materials
Five different commercially available calcium phosphate powders were used in this study. There was calcium phosphate tribasic (H 2 Ca 10 O 26 P 6 ), hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ), calcium phosphate monobasic (H 4 CaO 8 P 2 ), calcium phosphate dibasic dihydrate (HCaO 4 2 O) and calcium pyrophosphate (Ca 2 O 7 P 2 ). All powders were purchased from Sigma-Aldrich Chemie Gmbh (Germany).
The substrates used were 10 mm diameter and 2 mm thick partially yttrium-stabilized zirconium dioxide (ZrO 2 +3 mol.%Y 2 O 3 ) plates. To measure thickness, the Ca-P coatings were sputtered onto Si plates.
Cell adhesion and cytotoxicity of the calcium phosphate coatings were examined using mesenchymal stem cells (MSCs). Fat-derived MSCs were collected from healthy donors immunophenotyped with flow cytometer GuavaEasyCyte6 (Millipore, USA) using CD19, CD34, CD45, CD73, CD90 and CD105 monoclonal antibodies (BD, USA) as previously described [24] . The study was performed according to the Helsinki declaration and approval was obtained from 4 the local Ethics Committees in the Almazov Federal Medical Research Centre. Written consent was obtained from all subjects prior fat tissue biopsy. The cells were maintained in the alpha-MEM medium (PanEco, Russia) supplemented with 10% fetal calf serum (Hyclone, USA), 50 2 .
Methods 2.2.1. Coating deposition
Coating deposition was carried out using the universal magnetron sputtering system based on the set up (assembled in the Hybrid Materials Laboratory of Tomsk Polytechnic University [25] , Tomsk, Russia) at a generator frequency of 13.56 MHz. The operational parameters employed during RF magnetron sputter deposition are presented in Table 1 . Prior to coating deposition, the ceramics substrates were prepared by grinding and subsequent polishing. After the grinding and polishing steps the disks were ultrasonically cleaned in an ultrasonic bath (Sapfir 5, Russia), and were step-by-step soaked in chloroform and in ethyl alcohol.
Coating investigations AFM
Surface morphologies of the coatings were examined by atomic force microscopy (AFM) (Solver-HV, NT-MDT, Russia) operating in the tapping mode. The value of root-mean-square (R ms ) surface roughness was evaluated over the area of 4 m. 
Mechanical properties
The hardness and the elastic modulus of the Ca-P coatings were measured by a nanoindentation test on a NanoTest 600 apparatus (Wrexham, UK) using the Berkovich pyramid.
Thickness of the Ca-P coatings
The thickness of the Ca-P coatings was determined by the profilometric method by the profilometer-profilograph Talysurf 5 (Taylor-Hobson, UK).
XRD analysis
The crystal structure of the samples was investigated using X-ray diffraction analysis with the Shimadzu XRD 6000 diffractometer. The samples were exposed to the monochromatic Cu Kalpha (1.54056 ) radiation. The accelerating voltage and the beam current were set to 40 kV and 30 mA, respectively. The scanning angle range, scanning step size and the signal collection time were 6 55, 0.0200 and 1.5 s respectively.
Elemental analysis
Elemental composition studies were performed with the scanning electron microscope Quanta 200 3D (FEI Company, Hillsboro, USA) integrated with an energy dispersive X-ray (EDX) detector (JSM-5900LV; JEOL Ltd, Tokyo, Japan) in low vacuum with an electron beam accelerating voltage of 10 kV.
FTIR analysis
The chemical structure of the samples was studied using the Attenuated total reflectance Fourier transform infrared (FTIR) spectroscopy using the Nicolet 6700 system (Thermo Scientific, USA) in the range of 800-2000 cm -1 with a resolution of 1 cm
Wettability of the Ca-P coatings Wettability of the Ca-, Germany) by the method of the ed onto the investigated surface. Measurements of the wetting boundary angle (the contact angle) were carried out one minute after placing the liquid on the surface. In order to avoid contamination of the surface and distortion of measurements results, measurements of the contact angle were carried out immediately after the surface modification. Dymethyl formamide and water were used as the wetting liquids. The total surface energy, polar and dispersion components were calculated by the Owens-Wendt-Rabel-Kaelble (OWRK) method.
Cell viability
Zirconia samples were placed into the 24 well culture plates where MSCs were added in the culture medium in an amount of 60 000 cells / well. The cultivation was carried out under incubator conditions, in a humid the CO 2 content of 5% for 72 hours. Subsequently, samples were treated with accutase for subsequent cell viability analysis by laser flow cytometry. Cell suspensions were stained with Annexin V FITC (Biolegend) and Propidium Iodid (Sigma Aldrich) according to the manufacturer's recommendations. Flow cytometry data analysis of the samples was performed on a GuavaEasyCyte8 flow cytometer. Analysis of the obtained results was made using the Kaluza software (Beckman Coulter). Double-positive events were assessed as cells in the state of late apoptosis or necrosis, positive events according to Annexin V as cells in the state of early apoptosis and double-negative events as living cells.
Fluorescence microscopy of the cells
To analyse the effect of surface modification on cell adhesion and attachment, focal adhesion -actin were studied using fluorescence microscopy. Samples with cells after 72 hours of incubation were discarded from the medium; samples were washed with phosphate buffer solution (PBS) and fixed with 4% paraformaldehyde for 20 min. Cells goat serum in PBS for 30 min at room temperature and incubated with the anti-vinculin antibody (Thermo Scientific) at 1:200 dilution for 2 hours. After 3 PBS washes the cells were incubated with Alexa Fluor 488 goat anti-mouse IgG (H+L) (Invitrigen) at 1:200 dilution for 1 h at room --SMA (Diagnostic BioSystems) and with Alexa Fluor 546 goat anti-mouse IgG (H+L) (Invitrigen). The cells were washed three -2-phenylindole (DAPI) for nuclear visualization. Finally, the cells were washed and viewed using the CarlZeiss Axio Observer fluorescence microscope. The images were collected and processed with Zen Software. Morphometric analysis was performed using Image J Software.
Statistical analysis
Statistical analysis was performed using STATISTICA 7.0 software (Statsoft, Tulsa, USA). The data are presented as m standard deviation. The significance of difference was calculated using the oneway ANOVA test and the Mann-Whitney U-test.
Results and discussion
The data obtained by atomic force microscopy indicates that the zirconia substrate is characterized by a relatively equiaxed grains with an average size of 130 nm and the R ms of 30 nm (Fig. 1a) . Modification of the zirconia substrate by means of sputtering of the calcium phosphate powders leads to a change in its initial morphology. The surface of the coatings formed by the deposition of calcium phosphate tribasic powder is wavy owing to the alternated hillocks and valleys (Fig. 1b) . At higher magnification, the structural elements in the form of thin plates (a plate-like structure) with the length of 80 nm and the width of 30 nm become clearly visible. The R ms of such coatings is 7.00 nm. The surface morphology of the remaining calcium phosphate coatings qualitatively different from the previous one is a globular formation of a differing size. Thus, the coating surface formed by sputtering of hydroxyapatite powder consists (Fig. 1c) . The calcium-phosphate coatings deposited by sputtering of calcium phosphate monobasic, calcium phosphate dibasic dihydrate and calcium pyrophosphate powders have a more homogeneous structure with an average element size of 13.50, 10.60 and 7.60 nm, respectively (Fig. 1d,e,f) . The roughness of these coatings with respect to the R ms parameter practically does not differ and is 3.60, 3.80 and 3.60 nm, respectively.
The mechanical properties of the investigated calcium-phosphate coatings are presented in Table 2 . To exclude the influence of the substrate material during the measurement of the mechanical properties of the coatings, the load on the indenter did not exceed 0.5 mN. Analysis of the nanoindentation test data showed that the zirconia substrate and the coating obtained by sputtering of the calcium phosphate tribasic powder had the largest mechanical properties among the investigated samples. In turn, the nanohardness value and the modulus of elasticity of the coatings deposited by sputtering of hydroxyapatite, calcium phosphate dibasic dehydrate and calcium pyrophosphate powders were practically the same. The coating formed from calcium phosphate monobasic powder had the lowest values of nanohardness and the modulus of elasticity among all the samples.
The high elastic properties of the zirconia substrate and the coating deposited by sputtering of the calcium phosphate tribasic powder are confirmed by a higher (as compared to other calciumphosphate coatings) elastic recovery value (R). The latter depends on the modulus of elasticity of the material. In non-crystalline materials, the elastic component arises due to the elastic displacement of the points of the structural grid under an external load. Its value is proportional to the mechanical compliance of the material.
Based on the literature data, the modulus of elasticity of the human trabecular and cortical bone varies between 15-19 GPa and 13-26 GPa, respectively [26 28] . In turn, the hardness value for the human cortical bone, according to different data, is 0.30-0.80 GPa [29] . The comparison the data of other authors with the data obtained for the calcium-phosphate coatings investigated in this article is not possible because of difference in the measurement range. According to the international standard ISO 14577, the nanoindentation method allows where P max the maximum load applied to the indenter, h max the maximum penetration depth of the indenter into the coating, H nanohardness, E * the modulus of elasticity, R the print elastic recovery value. 8 measurement of the mechanical characteristics in three ranges: n micro range: h max > 200 nm and F max < 2N and m max [30] . In this paper, the mechanical properties of calcium-phosphate coatings were investigated at a maximum load of 0.5 mN and a maximum indenter penetration depth of 90 nm, which were the optimal parameters for thin coatings. In the literature on the mechanical characteristics of bone tissue, as a rule, bulk samples are examined at a microscale.
In addition to the comparison of the mechanical properties of calcium-phosphate coatings with the bone tissue, it is necessary to take into account the difference in the mechanical properties between the coating and the substrate. The significant difference in the mechanical characteristics of the substrate material and the coating can be responsible for the stresses occurring at the interface coating-substrate , which can result in the coating delamination [31, 32] .
XRD analysis showed all the calcium phosphate coatings to be amorphous. The elemental composition of calcium-phosphate coatings is presented in Table 3 . Special attention should be paid to the content of the elements such as Ca and P, which play an important role in the processes of cell activity [32] . Even more, these elements contribute to the formation of the bone tissue [33] . Thus, the greatest amount of Ca is observed in the coating deposited by sputtering of the hydroxyapatite powder. A slightly less amount of Ca is found in the coating formed from of calcium phosphate dibasic dihydrate powder. The other calcium phosphate coatings have approximately the same content of Ca (10-14 at.%).
A similar tendency is observed with the content of P calcium phosphate coatings. The largest amount of this element is contained in the composition of the coatings obtained by sputtering of hydroxyapatite and calcium phosphate dibasic dihydrate powders. The presence of such elements as Y, Zr and O is due to the substrate composition. The presence of C in the composition of calcium-phosphate coatings is associated with the process of their deposition.
Using IR spectroscopy enabled revealing weak absorption bands at 560 and 600 cm -1 along with an absorption band between 1000-1200 cm -1 in spectra of all investigated coatings (Fig. 2) . The intensity of the latter is maximal for the coating deposited by sputtering of the calcium phosphate tribasic powder and gradually decreases for the other calcium phosphate coatings. The bands mentioned above correspond to the valence vibrations of the PO 4 3-group [34, 35] . There were no other characteristic absorption bands in IR spectra of the calcium-phosphate coatings. Fig.2 The FTIR spectra of the as-deposited calcium phosphate coatings.
The deposition of calcium-phosphate coatings on the zirconia substrate leads to a change in its free surface energy ( Table 4 ). The analysis of the data presented in Table 2 showed that the coating deposited from the hydroxyapatite powder possess the largest value of the free surface energy and the smallest one possessed the coating obtained by sputtering of calcium pyrophosphate powder. This fact is in good agreement with the roughness data: the greatest value of the roughness corresponds to the largest value of free surface and vice versa. It is wellknown that the microrelief and the surface roughness are closely related to the value of the free surface energy [36] and, consequently, to the surface wettability [37, 38] . The roughness of the surface causes an increase in the area of the actual contact of the liquid with the solid as 
Thus, the authors [36] observed a linear increase in the free surface energy of the WNx films with increasing surface roughness (R ms ). In [39] , it was shown that the substrate roughness affected the superhydrophobic behavior of polytetrafluoroethylene thin films. The authors demonstrated that the large contact angle of the water and the low hysteresis of the contact angle corresponded to the low values of the free surface energy. Moreover, the authors established an optimum R ms parameter, at which the polytetrafluoroethylene films had superhydrophobic properties. This demonstrates that the data obtained in our study of calcium phosphate coatings are in good agreement with the data obtained by other authors for other coatings.
Wettability studies (water data) of the calcium-phosphate coatings showed that the coatings deposited from the powders of calcium phosphate dibasic dehydrate, calcium phosphate tribasic and calcium pyrophosphate tended to have hydrophobic properties. And on the contrary, the coatings formed using the hydroxyapatite and calcium phosphate monobasic powders possess the hydrophylic properties. For these coatings, the polar component of the free surface energy is maximal, which indicates a high wettability of these coatings by polar liquids, for example, such as blood.
Free surface energy and surface wettability play an important role in the interaction of the implant surface with the biological environment [39 41 ]. In the literature there are a large number of studies devoted to that fact that a high free surface energy or good wettability (hydrophilicity) contributes to improved cell adhesion. Conversely, the surfaces with a low free surface energy and hydrophobic properties are unfavorable for attachment of cells and their further spreading over the surface [42 44] . Some researchers have found that there is an optimal contact angle of the order of 60-the cells preferably adhere to surface and, moreover, the directed proliferation takes place [45, 46] . However, the above data are not always confirmed [43, 45, 47, 48] .
The number of the MSCs adhered on the calcium phosphate coatings as well as overall cell area, single cell area are presented in Table 5 . Only the samples formed by using the Calcium phosphate tribasic powder showed a significantly higher cell adhesion rate which was performed by higher number of cells as well as overall area covered by cells. The other calcium-phosphate coatings demonstrated a similar cell adhesion.
Fluorescence analysis of the cell morphologies showed that the cells adhered on the substrate were spread over the material and formed a continuous cell layer on the surface (Fig. 3a) . By staining vinculin except for a diffuse staining of the cytoplasm, the numerous focal adhesions between the cells and with the material were performed. Actin in the trabecular meshwork was observed in almost all cells (Fig. 3) . The vinculin was predominantly present in the cytoplasm although the focal adhesion was not clearly seen.
Comparison of the data on cell adhesion, morphology with the value of their free surface energy and the wettability does not allow making an unambiguous conclusion about the presence of any relation between these quantities. The latter is explained by the fact that the whole complex of the physical and chemical characteristics of calcium-phosphate coatings affects the value of cell adhesion.
The cytotoxicity tests of the calcium phosphate coatings revealed that the largest number of viable cells had been removed from the surface of the zirconia substrate ( Table 6 ). The cytotoxicity of the coatings obtained by sputtering of the calcium pyrophosphate, hydroxyapatite and calcium phosphate monobasic powders did not differ significantly from the one for the substrate. At the same time, the samples with coatings formed by sputtering of the calcium phosphate dibasic dihydrate and calcium phosphate tribasic powders showed a significantly smaller percentage of viable cells and a larger number of the late apoptotic/necrotic cells.
One of the main reason for cell death is the ROS-mediated-oxidative stress [49, 50] . So, in the process of sputtering of the calcium phosphate dibasic dehydrate powder, the generation of H + and OH -free radicals is possible due to the dissociation of the water molecules which are incorporated into the powder. Free radicals contribute to lipid peroxidation of the membranes and / or cross-linking of the proteins, which results in cell death. However, the above assumption has not been supported by the IR spectroscopy data. Analysis of the IR spectrum of the coating formed from the calcium phosphate dibasic dehydrate powder did not discover absorption bands corresponding to OH However, there is no evidence for this assumption. In the IR spectra of the investigated calcium-phosphate coatings, only the peaks of PO 4 3- ions are present, whereas Ca 2+ ions were not detected. Taking into account the intensity of these peaks, it can be concluded that the greatest number of the phosphate ions is incorporated into coatings deposited by sputtering of the powders of calcium phosphate tribasic, hydroxyapatite and calcium phosphate dibasic dihydrate. Less pronounced peaks are registered in the spectrum of the coating obtained from the calcium pyrophosphate powder. Finally, the least apparent peak of the phosphate ions is present in the IR spectrum of the coating formed from the calcium phosphate monobasic powder. In accordance with the IR spectroscopy data, we can say nothing about the amount of Ca 2+ ions. Moreover, the analysis of the elemental composition of the coatings, on the contrary, indicates a large content of the Ca and P elements in the coatings, which show the cytotoxicity similar to the zirconia substrate. The facts mentioned above do not allow one to estimate of the amount of released PO 4 3- and Ca
2+
ions from the coatings into the surrounding intercellular space during the incubation. Therefore, additional studies are needed to reveal the cytotoxicity mechanism of the calcium-phosphate coatings when they interact with the cells.
Conclusions
A comparative study of calcium phosphate coatings deposited on the zirconia substrate by RF-magnetron sputtering of calcium phosphate tribasic, hydroxyapatite, calcium phosphate monobasic, calcium phosphate dibasic dihydrate and calcium pyrophosphate powders was carried out. There was no correlation between the physico-chemical properties of the coatings and the biological response of cells in this work.
It is shown that the cytotoxicity of zirconia substrate and calcium phosphate coatings formed from hydroxyapatite, calcium pyrophosphate and calcium phosphate monobasic powders were not significantly different. A significantly smaller percentage of viable cells were observed on the surface of the coatings obtained by sputtering of the calcium phosphate dibasic dihydrate and calcium phosphate tribasic powders. Meanwhile higher number of adhered cells as well as overall cell area were detected on the surface of the coatings sputtered by the calcium phosphate tribasic powder.
Thus, in this work the first stage of in vitro evaluation of the coatings deposited on the zirconia substrate surfaces by RF-magnetron sputtering of different calcium-phosphate powders was completed. To make a judgement about the advisability of applying calcium-phosphate coatings to ceramic implants and to assess their clinical effectiveness, it is necessary to investigate the coatings in vivo on the ability to stimulate bone formation processes.
